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PRELIMINARY THSTS. TO DATERMINE THE DYNAMIC STABILITY
OHARACTERISTIOS OF VARTOUS HYDROFOIL SYSTEMS
FOR SEAPLANES AND SURFAOE BOATS
By James H; Benson and Douglas A. Xing

SUMMARY

Preliminary tests were made with dynamically similar
models to survey the sbtadbility characteristics of several
arrangements of hydvofoiles that have been proposed, for
use on seaplanes and high-speed surface boats of the PT
clagse. The reeults, althougk obtalned under conditlone
in which cavitation 41d not oc¢cur, indlcated that one of
the most important effects involved ‘is the erratic change
in 11ft and drag that occures as a hydrofoll appnroaches
the fres surface o0f the water. Thie effect 1e much more
severe for a fTlat horisontal hydrofoll than for one hav-
ing dihedrsl. The effeet 1les aleo much more ssvers for
monoplane hydrofoile than for multiplanoe hkydrofoils.

A ladder-like arrengement of saveral hydrofolls,
inclined at an anglo of about 20  from the horizontal ..
and arranged in a tripodal system on a sclf-propelled
model, wes found to be relatively free from the sevore
typos of instadbllity exhibited Dy the monoplane systoms.
An arrangement of two ladder-like systems in tandem
(similar to an arrangement ueed by Guldoni) on a“stream~
line spindls, which represented the hull of a flylng boat
wag found $o0 be stable throughout a wide range of -speeds.:
¥o dynamic instadbllity wae obsorved when _ this medel was
lifted out of the water to simulate a take-off.

INTRODUOTION

Nunarous arrangamenta of hydrofoils have. been.pro-
Posed for use on scaplanes and high-spoed ‘surfaco boats.
The 1adder~11ke arrangements used by Guidonil for sea~
glance (raforence 1) and by Baldwin for surface boats

reference 2) have appeared 'to be satisfactorily stable
but have presented tho problem of avoiding exceselve
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drag caused by the strute and by interference betwsen
gtrut and hydrofoll. Simpler arrangements of monoplane
hydrofolils, which were.intended to mlnimize the induged
dreg and the drag of the sti#uts and Junctures, have been
proposed. by Tle} Jene .and others (reference 3).. From

the results of ¥owing monoplane hydrofoils in NACA tank
No. 1 (reference_4), 1t appeared that. the stabdility of
monoplane hydrofoll eystems even with dihedral might be
unsatisfactory because, ep a hydrofoll approaches the
free surface of the water, a sudden breakdown 1n flow
over the upper surface of the hydrofoll will occur, which
will result in a very large abrupt loss in 1ift.

The present 1nvestigation was carried out in the
NACA tenke to survey ‘briefly the stability characteristics
of several arrangements of hydrofoile described in refer-
ences 1, 2, #nd 3, A series o0f models, each représonting
s Lhypothetical surface boat of tho PT clase Ffitted with
hydrofoills,: was tested'anﬁ the dynamic behavior of each
arrangement wae observed.’ One additlional model, which
had the - form c¥ a streamline apindle resembling the fuse-
lage of an alrplane, was fitted with hydrofoils and towed
over a rangs of apeads to himulate'a tekc-off )

The methods used included towlng the model with
restraint in roll by means of a towing staff and towling
tho model with no restraint in roll from a line, Some
of tho models of surface oraft werse alsb teated with
self-propulsion and with remote control of the rudder.

The resulte of the tests indicate qualitatively the
-differonces in stability of monoplane and multiplane
hydrofoll systeme. The effect of dihedral on tns,stabil-
“1ty of hydrofoll syetems was also investigatod and ob-
servations were made of the severity of some types of
instebility that may be expected. particularlv with
monoplane aystems, . .

MODELS

All the models terted were sufficlently light 1in
welght to.permit avvroximate dynamio similarity between
the model.and the full-size craft. The gross weight of
each model was 8.3 pounde, With the exception of the
Gutdonl 5.V.L,-type hydrofolls, which were mounted on a
streamline spindle, all hydrofoils wero mounted on a
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full-size model of a hypothetical 76-foot PT boat having

a displacement of 160,000 pounds. The hydrofoile and
strute were elther plsno~convex or double-convex clrocular-
arc sectlons., ‘The configurations that were teested are
1llustrated in figures 1 .and 2; the dimenaiqns and other
desoriptive data are included 1n table I.

Towed Models

The hydrofall arrangements tested on the towed models
are as followe:

‘The arrangement of two flat hydrofolle in tandem
(f1ig. 17a)) consiste of two-flat hydrofolle of equal area
mounted on the hypotnetioal PT. bo~t previously desc¢rided.

The arrangement of two V-hydrofolils in tandem
€fig. 1(b)) consiste of two hydrofoils of equal area, with
dihedral angles of 20°, mounted on the same model of a
PT boat. ‘

Thé arrangement of two curved hydrofolls in tandem
(fig. 1(c)) conelsts of two curved hydrofoils of equal
area. The curvature of the hydrofoils 1e about the’
same as that of one of the arrangements proposed by
Tiet jens (reference 3), except that the outer portione
of the hydrofolls are vertlcal instead of baing curved
lnward to meet the sides of the hull.

The arrangement of a monoplane hydrofoil with tail
plane, deslgnated the Tiet Jens hydrofoil system herein,
ls elmilar to a system proposed and used dy Tiet jens in
reference 3. Tigure 1(d) shows the arrangement mount ed
on the model of the hypothetical PT boat.

The’ flat-hy&rofoil ledder system (fig 1(e)) com-
prides two sets of flat hydrofolls forward of the center
of gravity and one eet of Veshaped hydrofoils at-the
stern. The forward sots may be rotated about a longi-~.
tudinal axis at the chine %0 vary the dihedral of the
hydrofoile,' . ] 3

The arrangement of hydrofoils shown 1n flgurse 1(f)
is similar to that ueed by @uidon) on the S.V,A. seaplane
(reference 1) :The ‘hull 1g & fgnfull glre model of the

‘hull of a hypathetical flying bqat of "50,000 pounds gross

wolght with a grose load coeffioien@ GAO = 1.0, where




OAs Lle 'defined as.the gross welght divided by the product

of “the welght denelty of water and the cube of the maxi-
‘mum diameter of the hull. The form of the hull is the
basl'c streamline body uaed previously for EAGA models 74
and 75 (reference 5).

Self-Propelled Models

The hull used in the series of tests on self-propelled
surface boats was the model of the hypothetical PT boat.
The model, which was propelled by a %—hﬁr1690VGr elgetric

motor driving a water propeller, could be steered by means
of an electric control attached to +the rear hydroefoll
. agssembly, .The. model was free from the towlng carriage and
was under the control of an operator on the carriage.

The hydrofoll arrangements tested in this seriles
" were comprised of the forward hydrofoll sets of the
following arrangemente in conjunction with two rear,
Eydrcfolls of small areat Tiet Jens hydrofoil s atem6
figure 2(a); 20° V.hydrofoil syetem, figure 2(1b); 20
V-hydrofoil ladder system, figure 2(c); flat-hydrofoil
1adder syeteom with the dihedral angle kept constant at
20°,., figure 2(a).

TEST PROCEDURE

Several of the hydrofoll syestems were towasd by
using a staff that restrained the model in roll and yaw
but allowed the model to rise and to- pltch freely about
the conter of gravity. In cach case thc towlng staff
was attached at the center of gravity. The anglos of
incldence of the hydrofolls and the position of the
center .of gravity were varied. For different combina-
tions of the varinvles, the dynamic behavior of the model
- Was: observed at a series of constant .spceds,

' Tha model of the Tietjens hydrofoll system (fi1g. 1(a))
vas towed from a line. The towing polnt, the location of
tre center. of gravity, the angles of incidence of the for-
ward and rear bydrofoils, and the gross weight of the
model were varicd. For different combinetions of the
variables, the dynamic behavior of the model was observed
at a series of constant speeds.
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The -combination of longltudinal, lateral, and -
directional stadillity was observed by testing various

‘hydrofd1il arrangements -as free-self-propelled: bodlese.

Thé dynamic behavior was observed for various settinge
of angle of incldence of the forward apd reap hydrofoils,
both at a séries of constant speeds and at speeds in
which the model wag acoelerated from rest to top spoed.

- b o.

.RESULTS OI TISTS wITH TOWID HODIZS "

Tents with Restralnt in Roll and Yaw

] F;gg-gzdrgfggl-ggndgm gzgtgm.r'In-tha tests of ‘the
toved modele restrained in roll and yaw, the system of
two hydrofolle in tandem lifted the hull dut of the water
at about 13 feet per second.{40 knots, full size), The
boat when undisturbed rode steadily on the hydrofolls at
speeds up to about 17 feet per second (52 knote, full sige)
but porpotsed when dieturbed, The amplitude of porpoleing
increaesed during successive cycles untll the bottom of the
hull hit the water, then tHe model .appeared to run momen-
tarlly as '‘a displacement boat. The -hydrofolile then 1ifted
the hull out of the water again and '‘the ‘process.was re-
peated wlth eufflclent violence t'oc swamp the model.
Moving the center of gravity forward 2 inches from the
position indicated in figure-1(a) dtd not affect the sta-
bility charsctertsastioce appreciably.

aO V-hydrofoll tandem gystem.- The- 20 Vphydrofoil
tandem systom was stable at most -speeds although a por-
olelng motion occurred at a gpeed .of 19 feet per second
58 knote, full aize), At thie speed the intersection
of the hydrofoil and the outboard struts wds about et
the water level, The amplitude of porpoislng was about

1% 1n trim and about lpinch in rise.’

Qnummmw.- In the tests of the
curved~hydrofoll tandem system, a porpoising motion
occurred at gpeeds in the region of 10 to 14 feet per
second (31 to 43 knots, full eize), The: porpolsing
laemed to be oaused by periocdic ventilation of rha '
hydrofoils. -

Tlat-hydrofoll ladder syvptem.~ The flat-hydrofoll
ladder system was stable under a wide range of conditions
except for some tendenecy to osclllate when the model was



free in both rise ‘and. trim. The magnitude of the oscill-
lations was of the. same order as the vertical. spacing of
the hydrofoile. - The ogcillatory .movement -wag .less marked
with the larger anglea of dihedral.. When the ‘model was
locked in trim, the oscillation became .more violent and
could probadbly be deseribed ae a. "Jumping“ oscillation.

Gujidonl S.V.A -type Lxdr§f911§ on streamline spindle.-
The arrangement of figuro 1(f), when towed free to rilse
and trim but restralned in roll and yaw, was stable at
all speeds from rest up-to 30 .feet per .sccond, a speed
that is & scale value typlcal of the take-off speed of
seaplanee in curreant use. When the model was 1lifted
out of the wator to simulate a take-off, no dynamic insta-
bility was evident,  There-may have been some tendency
to oscillate -in risa and trim but the motlons were not
sufficiently -violent to -be observed in the qualitative
tvpe of tests that were made.

Tow-Line Tests of.Tlet Jens Hydrofolil Syatém

‘The Tietdens hydrofoil system was teated by towing
the model from a line attached at.various points on the
model, When the tow line was -attached to the bow at the
level of the deck, the.boat rolled and yawed at low speeds.
At speeds greater than about 10.feet per second (31 knots,
full eize), porpolsing occurred. When the tow line wae
attached to thse bow at about the static water line, the
rolling was elimlnated at low gspeeds but rolling and
porpoising occurred at bhigh speeds. ‘hen tke tow lines
was attached -to the central strut of the forward hydro-
foll, the model rolled and yawed conslderabdbly at low
speeds. At high epeeds the hydrofoils eupportod the hull
abovs the.water and a combined rolling and porpolsing
motion occurred. When the area of the rear hydrofoll
seet was reduced by one-half, the stadbility was improved
and the model towad stably at speeds from 13 to 17 feet
per second (40 to 52 knots, full size) at-which the tips
of the rear hydrofoll were nearly at ths watsar surfsce.

At speede groater than 17 feet per second, the forward
hydrofoll approached the water surface too clossly and
vertical instadility developed because of psriodic ven-
tilation and breakdown of the flow over the upper surface.

~C o
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RESULTS OF TESTS WITHE SELF-PROPELLED MODELS

- -, o - m v om - R

ZlotJjens hydrofoil evetem.~ When the self-propelled
model with the Tiet jens Hydrofoll system was run at speeds
suffigclently great to raiese the hull out, of the water, a
combined. rolling and porpoilins motion ogecurred. - The
piiing compohent of this motlon was ujually dynamitally
unstable.. - Inoreasing: the gross. welght and moving the
eenter of gravity diad qot ‘appreciably affect the sta-:
bility: characterlsticqx A forward hydrofoll with the
area inereased. by one-third and with a 10—percent thick
lenticular sectlon of'.]. 3u-1nch chord wasg 4inetalled -and
teated wlth-no apparent Improvemant in -stability, The
extent to which the relatively large area of 'the fair-
ing .around the propeller shaft contriduted. to this :

‘inetability Lle not known.

' §Q°,V-hzggg;g;; ayghen.- The self-propelled arrgnge-

ment equipped with a 20° V-hydrofoil eystem (fig. 2(1))
neéar the center of gravity rode stably on the hydrofolles
until. tha interwection of the outboard atruts and the
hydrofall roee to the water surface. when a rolling and

" yaving motion ocourred, No porpolsing was evident.

5 .20° v hxg;gf9413154ag; pygtem,- The V-hydrofoil
1adder arrangement- on the self-propelled model . was more
stable than the twa preceding arrangements. No porpois-

ing or severe rolling occurred,  When the rudder was

noved, the modql responded and rolled noticeadbly to the
outside of the turn,.

i .- The flat~hydrofojl
ladder a{ tem was tested with a Alhsedral angle of 20,
No porpolsing or rolling escurred and the model appeared
to be stable. Some tendency. wase noted ‘for the model. to
oscillate in rol)l, and pitch'aes the flow over the upper~
moet hydrofolls changed intermittently. At the begin-
ning of a turn, the model rolled very slightly toward
the outeilds,

DISOUSSION

'Genqra;.ﬁequlta

Ingtalillity ig.hgth £9ol) é#g'zgw.- The ﬁostftiplgn{
form of irnetabllity that was observed in any of -the teats




was ons that involved simultaneously yaw, roll, trim,
ani rise. This inetability appeared to be the result
mainly of an instabllity in riese, which occurred when-
ever a hydrofoll aporoached the free surface of the
water sufflclently cloee for the flow to separate
abruptly from the upper surface of the hydrofoll., 1In
general, the breakdown of the flow would be unsymmet-
rical -and would result-'in yawing and rolling momentse.
Thie resulting instabllity wae much more severe with
the monoplane systems than with the multiplane systenms,
probably becaues the fraction.of the total arsa of the
hydrofoils affected by the change 1n flow was greater
for the monoplane systeme than for the multiplane.
eyetemq. .- . .-

§p;gz.- All the hydrofoil systems threw conslderable
spray from the points at which' elther & strut or a hydro-
foll . intersscted the water surface. ZXapbclally strong
Jeta of spray.lesued from bensath hydrofolle of the
multiplane.. syetems whenevér a Juncture of hydrofoll and
strut emerged from the water, - With the monoplane systems,
spray wae thrown .from the oentral etrute onto the hull.
With the multiplsne-systens, eoms spray hit the hull but
moet of 1t was thrown clear. In’ general the spray had
very small lateral velooities .

'Honoplaﬁe Systoms ""“{' .

The eyetem of flat hydrofoils in tandem was longi-
tudinally ‘unstable after a disturbance; whereas both the
20° V-hydrofoil tandem eystem and the curved-hydrofoll
tandem system appeared to be stable- under eimilar condl-
tions. .

&s a flat hydrofoil anproachee the free surface of
the water, there 1s .a definite and gradual loss of 11ft
that may contlnue smoothly until a polant 1s reached
wvhere tke flow suddenly breaks down and infiltrating
alr covers a part or alld of. ‘the npper surface (reference 4).
Thie gradual loss of 1ift as a. hydrofoll approathes the
water' surface 1s evidently hot enough of a stabilizing
factor to lnsure longitudinagl ptability. & hydrofoil
with dlihedral and operating with the tips out of the
water has a change in 11ft accompanying a, change in .
immersed area. 'This condition makes the V-hydrofoil and
curved-hydrofoll tendem systeme more stable than the flat
monoplane system. Tke dynamic benavior of the systems



having the area of the forward hydr%roilvset equal to -
that of- the rear set was not greatly different from -
that of  systems having unequal areas, provided that
the center of gravity was located sultably in each
gase. . . L .

Multiplane Systems

The oscillation in rise and trim noted in the tests
of the multiplane systems appeared to result from a peri-
odic dreakdown and recovery of the flow ever the upper
surface of the part of the hydrofoil system that was néar -
the free surfaece of the water, The -osoillatory movement
waa less marked with the larger ‘angles of dihedral.

The tests of the self-propelled multiplans systems
indicated. that a palr of ladder-like systems noear the
center of gravity provided much better lateral stablility
then 414 the monoplane hydrofoll systeme. Of the two’
ladder~like sygtems.'tho flat~hydrofoll system with a
dlhedral of 20" '‘appeared to have less tendency to oscil-
late 'in roll and appeared to roll less to the outside of
a turn than did the 20° V.hydrgfoil system:

CONCLUSIONS

The results-o? the testes of several widely different
arrangements, of hydrefoile indicate soma of the important
types of instability that must be considered in applica-
tions of hydrofoile to seaplanes or to. surface oraft, )
The‘fqllowing.conclusions. drewn from these tests; apply
only to configurations without horiszontal ocoantrol- surfaces
operating under waters : -

1. Hultiplene hydrofoll systems ln general offer
wider margins of stability than do monoplane systems,

2. Dibedral eontributes greatly to the stability
of hydrofoil eystems, principally because a hydrofoil
with dibhedral will have much less geveres discontinulties
in 1ift and drag as 1t approaches and droaks through
the water surface than will a flat hydrofoll,

These conclusions are to be constdered tentative
until further tests can be carrisd out to ineclude
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quantibtative investigations under conditions more nearly
epproximating conditlons for full-size models, in which
cavitation 1s_prohab;y a very 1mportan§ congideration.

Langley Memorial Aeronautical Laboratory,
¥National Advisory Committee for Agronautics
Langley Fileld, Va.
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DIMENSIONS ANRD DATA OF HYDROFOIL SYSTEMS

TABLE I

11

NATIONAL ADVISURY

COMMITTEE FOR AERONAUTICS
) e R B 1 - | Maximum Incidence | Incldence of
System Hydrofoll set Chord Area thickness | of hydrofoil lowarmost
(in.) |(sq 1in.)|{percent to lowest hydrofoll
chord) hydrofoll to base line
(deg) (deg)
Towsd Models
Flat hydrofoil f?ront 1.50 13.50 6.67 o) 0,3,5,6
tandem system Rear 1.50 13.50 6.67 0 =3,0
20° V-hydrofo1l |[Front 1.00 16.00 6.67 0 5
tandem system Rear 1,00 16,00 6467 0 2
Curved-hydrofoil | {Front 1,00 12,00 6.67 o] 0,3,5
tandem system Rear 1.00 12.00 6.67 0 0,2
Tietjens hydro- Front 1.00 12,00 6,67 0 0,1,2
foll system Rear 1.00 6400 6.67 0 -2,-1,0,1,2
Uppermost| .60 3.04 6.67 [}
2nd «60 3,04 6.67 3
ront 3rd .60 3.04 6.67 0 0
4th .60 3.04 6.67 [o]
Lowermost| .60 3.04 6.67 v}
a Total 15,20
Flat-hydrofoll
ladder system Uppermost] .60 1.562 6.67 6
2nd .60 1.52 6.67 3 —4.-2.0
Rear Srd «60 1.52 6.67 0 [
Lowermost| .60 1.52 6.67 0
Total 6.08
Uppermost| .69 2.86 5 o]
| 2nd .69 2,86 5 0 0,5
' ront Yyowermost| .55 .41 8 0
Guldonl S.V.A.= Total 6413
tyoe hydrofoils
on streamline Uppermost|{ .98 5.74 5 ¢}
| spindle 2nd +98 5.74 5 0] 0,1
Rear <qrowermost| .98 .78 8 0
Total 12,26
Self-Propelled Models
Tietjens hydro- Front 1.00 12,00 6.67 [0} 0,2
foll system Rear 1.00 6.00 6.87 0 -2,0,2
20° v-hydrofoil |[Front 1.00 16.00 6.67 ) 2
system Rear 1.00 6.00 6.67 0 -2,0,2
Uppermost] .60 3,04 6.67 6
2nd «60 304 6,67 3
P t 3rd 060 3.04 6.87 0o 5
20° v-hydrofoil ron 4th .60 3.04 6.67 0
ladder system Lowermosty .60 3.04 6.67 0
Total 15.20
Rear 1.00 6,00 6.67 0 -1,0,1
Uppermost| .60 3.04 6.67 6
2nd +60 3.04 6467 3
Srd «50 Se04 6467 [0} 0,5
Front 4tn .60 z.04 6467 o !
&rlat-hydrofoil Lowermost| .60 3.04 6.67 0
ladder system Total 15.20
Rear 1.00 6.00 5467 (o} 0,1,2

8Areas are given for the

projected area with an angle of dlhedral of 20°,
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(a) Flat-hydrofoil tandem system.
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() 20° V-hydrofoil tandem system.

(¢) Curved-hydrofoil tandem system.
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High speed water line
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Figure l.- Hydrofoil systems tested on towed model
in the MACA tanks,
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(e) Plat-hydrofoil ladder system.

e—-—11.5 —-+’ B_’//
- 13 . b -
]

(f) Guidoni S.V.A.-type hydrofoils on streemline spindle.
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Figure 1l.- Conclu&ed.
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(&) Tietjens hydrofoll system.

(c) 20° V-hydrofoil ladder system.
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(4) Flat-hydrofoll ladder system,
1 foot
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Figure 2.- Hydrofoll systems teste-d. on self-propelled model in the NACA tank.
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